We investigated the localization of nonspecific lipid transfer protein (nsLTP) in rat retina, especially in the pigment epithelial (WE) cells, by the avidin-biotin-peroxidase complex method on ayosections for light miaoscopy and by the ayoimmunogold method for electron microscopy. Light miaoscopic observation revealed that the W E , inner segment layer, nerve fiber layer, and Miiller ells contain nsLTP. In the RPE cells gold particles were exclusively concentrated in the small peroxisomes (miaoperoxisomes; 0.1-0.3 pm in diameter), which were identified by double staining using anti-nsLTP and anti-catalase antibodies. In the peroxisomes gold particles were distributed homogeneously in the matri-
Introduction
The retinal pigment epithelium (RPE) is a single layer of cells around the outer circumference of the retina and plays a role as a blood-retina barrier. The RPE also has many important functions in maintenance of the neurosensory retina, such as phagocytosis of the photoreceptor outer segment, uptake and transport of retinol, and transport of ions and metabolites (1,9,41).
The RPE cells contain a number of small peroxisomes (microperoxisomes), 0.1-0.3 pm in diameter (4, 15, 22, 41) . It has been reported that the number of peroxisomes is increased by treatment with nafenopin or vitamin A (26,28), and changes according to the light cycle (23, 24) . Robison and Kuwabara reported that both lipid droplets and microperoxisomes tend to accumulate at the lateral cell boundary during light exposure (27) . The real function of the peroxisomes in RPE, however, is not yet clarified.
Nonspecific lipid transfer protein ( n s m ) has been reported to transfer a wide range of lipid molecules between liposomes and cell organelles such as mitochondria in vitro (8,39), and has been shown to be identical with sterol carrier protein 2 (SCP-2) (31) . Recently, we have found by immunoelectron microscopy and immunoblot analysis that in rat hepatocytes nsDT is predominantly localized in the peroxisomes, highly concentrated in their matrices (38) . We have also shown that rat liver nsLTP is synthesized as a larger precursor polypeptide of 14.5 KD on free polysomes, then processed to its mature form of 13 KD presumably in the peroxisomes (14). From these results, we suggested that the n s m is not responsible for lipid transfer between various organelles but mainly for lipid metabolism in the peroxisomes (34).
It has been well established that rat liver peroxisomes catalyze the p-oxidation of fatty acids, particularly of long-chain fatty acids (19) (20) (21) 25) . In fact, the enzymes of the fatty acid P-oxidation system, such as acyl-CoA oxidase, bifunctional enzyme, and thiolase, have been localized in the peroxisomes of rat hepatocytes by immunocytochemical techniques (6,40). In addition, it has been reported that the other lipid metabolisms, such as the initial reactions of plasmalogen biosynthesis, bile acid formation, and cholesterol metabolism and synthesis, have also been carried out in peroxisomes (20) .
In this study we investigated the localization of nsLTP and acyl-CoA oxidase. the first enzyme of the fatty acid P-oxidation system (19) , in the RPE cells and found that they are concentrated in the peroxisomes. We suggest that nsLV in the peroxisomes plays important roles in lipid metabolism in the RPE cells, especially in the P-oxidation of long-chain and very long-chain fatty acids, such as docosahcxaenoic acid (22:6 0 3 ) (DHA). which is composed of approximately one third of fatty acids in the outer segment membranes. This work was presented in part at the 43rd Annual Meeting of the Japan Society for Cell Biology (11).
Materials and Methods
AnimaIs. Adult male Sprague-Dawley rats (albino) (10-15 weeks old) were obtained from a local supplier. They were given a commercial chow and water ad libitum, and maintained under controlled light-dark conditions (12-hr 1ight:lZ-hr dark). Rat 'yes were obtained within 2-4 hr after light onset.
puriftcation of NFP and Repvltion of Antibody Against NFP. NsIV was purified by 'Euneoka et al. from male Wistar rat livers and rabbit antibody against nsIV was prepared as described previously (38) . Anti-catalase and anti-acyl-CoA oxidase antisera were prepared by Tsukamoto et al. (37) .
Immunoblot Analysis. The anterior segment (cornea, iris. ciliary body, lens) and the optic nerve of rat eyes were removcd with scissors. The RPE and neurosensory retina with the sclera and choroid (hereafter referred to 'as retina) were solubilized in 1% SDS and homogenized with a teflon-glass homogenizer. The insoluble materials were removed by centrifugation at 12,000 x g for 20 min. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed in a 12.5% slab gel as described by Laemmli (18) and the electrophoresed proteins (~4 0 pg) were transferred to a nitrocellulose sheet according to Burnette (10). The sheets were blocked overnight with 3% skim milk in TBS (50 mM Tris-HCI, pH 7.5, 0.15 M NaCI) at 4'C. then incubated at the same temperature with affinitypurified antibody against n s m (38) (10 pglml) in TBS containing 1% skim milk, 0.05% Tween 20, gently shaking overnight, followed by incubation with HRP-conjugated goat anti-rabbit IgG (Zymed. Burlingame.
CA; H + L chain specific) ( x 2000 dilution with 1% skim milk, 0.05% Tween 20 in TBS) for 40 min at room temperature. The reacted proteins wcrc visualized with 3,3'-diaminobenzidine tetrahydrochloride (DAB) color reagent.
Light Miaoscopic Localization of NLTP and Catalase by Avidin-Bio-&-Peroxidase Complex (ABC) Method on CrgoseCeions. Rats were anathetized with ether and perfused from the left ventricle with Hank's solution, pH 7.4. for 3 min. then fixed by perfusion with 4% paraformaldehyde containing 0.1% glutaraldehyde in the Hank's solution for 10 min and washed with PBS, pH 7.4, containing 50 mM N&CI for 5 min.
Eyes were enucleated and frozen in liquid nitrogen. Frozen sections were cut with a cryostat and mounted on gelatin-coated glass slides. The sections were prc-incubated for 30 min with 0.3% H202 in PBS to inactivate the endogenous peroxidase activity, and for 15 min with PBS containing 20% normal goat scrum. 0.5% bovine serum albumin (BSA). and 0.3% Triton X-100, then incubated for 30 min either with anti-nsm antibody (10 pglml), antiserum against catalase (diluted 1:400), or IgG from nonimmunized rabbit (10 pglml) as a control. After incubation, they were washed three times in PBS containing 0.3% Triton X-100 for 5 min. subsequently reacted with biotinylated goat anti-rabbit IgG ( 5 pglml) in 0.5% BSA in PBS containing 0.3% Triton X-100 for 30 min, and washed three times in PBS for 5 min.
Bound antibodies wcre d m e d with the ABC method (5,16), incubating for 30 min with avidin-biotin-peroxidase complex (Vectastain; Vector Labs, Burlingame, CA) in PBS (diluted 150). After washing three times with PBS for 5 min. peroxidase activity was visualized by incubation for 2 min with 0.1% DAB in 50 mM Tris-HC1. pH 7.4. supplemented with 0.02% H20z. and the sections were counterstained with methyl green.
Electron Microscopic Localization of nsLTP by Protein A-Gold Technique on Frozen Ultra-thin M o n s . Frozen ultramicrotomy was performed as described by Tokuyasu (35) . with some modifications. Rats were anesthctized with ether and fixed by perfusion in a similar manner as described above. except that 4% paraformaldehyde containing 1% glutaraldehyde was used for fiation. The dissected retina was post-fixed overnight with 4% paraformaldehyde containing 0.1% glutaraldehyde, incubated overnight in 2.3 M sucrose in 0.1 M sodium phosphate buffer (pH 7.4). containing 20% polyvinyl pyrrolidone. and rapidly frozen in liquid propane at -180'C.
Frozen ultra-thin sections were cut with a Reichert Ultracut-N with a cryoattachment (FC-4D) at -115'C to the approximate thickness of 70-80 tun. The sections were picked up on formw-carbon-coated nickel grids, incubated with 2% gelatin in PBS containing 10 mM glycine, reacted for 60 min with either anti-nsIVantibody (10 pg/d). antiscrum agahncadase (diluted 1:200), or antiscrum against acyl-CoA oxidase (37) (diluted 1:lOO). then washed six times with gelatin solution, and finally for 30 min with protein A-gold complex (4 and 8 nm in diameter, OD525 , , , , , = 0.023 and 0.08, respectively). For double staining. sections wcre incubated in 10 p g l d protein A in 2% gelatin in PBS containing 10 mM glycine before the second step of antibody reaction. After washing with sodium cacodylate buffer (pH 7.4, sections were post-fixed in 2% glutaraldehyde, then in 1% 0% stained with uranyl acetate, embedded in LR White resin (36). and observed with a Hitachi H-7000 electron microscope. 
Results

Immunological Speczj5city of the Antibody
Immunological specificity of the affinity-purified antibody against the nsLTP was tested by immunoblot analysis of the solubilized rat retina (Figure 1) . This antibody bound specifically to the nsLTP in rat retina. The apparent molecular mass of the nsLTP in retina was approximately 14 KD, similar to that in liver. A crossreacting 60 KD protein that was detected by immunoblot analysis in rat liver homogenate (38) is not visible in this pattern. However, when loaded with an excess amount of the specimen, the 60 KD protein was faintly stained (data not shown). We used this antibody in all of the following immunocytochemical studies. (Figure 2A ) and anti-catalase antiserum (Figure 2B) , followed by the ABC method. NsLTP immunoreactivity was intense in the WE.
Light Microscopic Localization of n s m in the RPE and Neurosensory Retina
The inner segment layer, Muller cells, and nerve fiber layer were also reactive. Catalase, which is a representative marker enzyme of peroxisomes, was localized in the RPE, inner segment layer, vascular endothelial cells of choriocapillary, nerve fiber layer, and Muller cells.
These results show that nsLTP and catalase are co-localized at high concentrations in the RPE cells. When the sections were incubated with non-immune rabbit IgG as a control, DAB reactions were rarely observed (Figure 2C) . The other organelles, such as mitochondria, endoplasmic reticulum, and nuclei, were barely labeled. The immunogold-labeled vesicles were located everywhere in the cytoplasm of RPE cells, but the most preferential location was the basal region.
Immunogold Localization of nsLP and Catalase
Then we determined the localization of catalase in the RPE cells by the same immunogold technique. As shown in Figure 4 , gold particles were located exclusively in the similar vesicles. Since these vesicles were labeled with anti-catalase antiserum, it is certain that they are peroxisomes in the RPE cells which have been described by a number of investigators (4,15,41) . Neither the mitochondria, the ER, nor the nuclei were labeled.
To confirm that the vesicles labeled with n s m are in fact peroxisomes, we used a double labeling technique, applying large (8-nm) and small (4-nm) gold particles for anti-catalase antibody and anti-nsLTP antiserum. respectively. Figure 5 clearly shows that the large and the small gold particles are always co-localized within the same vesicles. . . Figure 6 shows cryoimmunogold localization of acyl-CoA oxidase in the RPE cells. Although the number of gold particles found in the RPE cells was much less than after labeling with anti-catalase or anti-nsLTP antibodies, gold particles were again exclusively localized in similar vesicles. When double labeled with large (8-nm) and small (4-nm) gold particles for acyl-CoA oxidase and nsITF', respectively, large and small particles were co-localized in similar vesicles as shown in Figure 7 , clearly indicating that acyl-CoA oxidase and nsLTP coexist in the peroxisomes in the RPE cells.
INLn s L -T P c a t a l a s e c o n t r o l
Immunogold Localization of Acyl-CoA Oxidase in Peromkomes
Discussion
Biogenesis of the outer segment disks in the inner segment of photoreceptor cells, coupled with their phagocytosis and degradation in the RPE, defines a major metabolic pathway for retinal lipids and phospholipids (1,9). Autoradiographic studies with labeled glycerol indicated a significant involvement of RPE in retinal lipid metabolism (7). It has not yet been clarified how and where retinal lipids and phospholipids are metabolized in the RPE cells.
It is now well established that peroxisomes participate in degradative and in synthetic pathways of lipid metabolism, not only in mammalian liver (19) (20) (21) but also in various cells and tissues, including plant cells and yeast (12). In particular, the P-oxidation of long-chain and very long-chain fatty acids has been estimated to take place exclusively in the peroxisomes (20,21,25,29,30,33) .
The retinal lipids have the very unique feature that longchain polyunsaturated fatty acids are especially rich in DHA, which makes up from 20 to 60% of the total fatty acids in the phospholipids (2,3,13 ). In addition, significant amounts (13 mol %)of very long chain polyenoic fatty acids were also detected in phosphatidylcholines extracted from vertebrate retina (2). The high levels of longchain or very long-chain polyunsaturated fatty acids may maintain the high fluidity of rod outer segment membranes, which is undoubtedly very important to outer segment function, since the intermolecular association of integral and peripheral proteins that follows photon capture by rhodopsin would proceed more readily in the fluid membranes ( 1 4 . It is also possible that eicosapentaenoic acid is provided by retroconversion from DHA, which, in turn, is oxygenated to biologically active metabolites (2).
As described in the Introduction, RPE cells contain a number of small peroxisomes (4,15,22,41) , and the number increases markedly after loading with vitamin A (26) or after treatment with the hypolipidemic drug nafenopin (28).
It is suggested, therefore, that the peroxisomes in the RPE cells play pivotal roles in the maintenance of the function of the retinal outer segment membranes through lipid metabolism. Direct evidence for the involvement of the peroxisomes in the lipid metabolisms in the RPE cells, however, has not yet been reported.
In this work we have presented immunocytochemical evidence that the peroxisomes in the RPE cells contain both nsLP and acyl-CoA oxidase. We have strongly suggested that long-chain and very long-chain fatty acids derived from the phagocytosed discs are degraded exclusively in the peroxisomes by P-oxidation.
It is to be noted here that peroxisomal disorders such as Zellweger syndrome, neonatal adrenoleukodysuophy, and infantile Ref-sum disease are frequently accompanied by retinitis pigmentosa (32) . It has been also reported that at least some patients with Leber congenital amaurosis may have one of the "peroxisomal disorders," because a liver biopsy specimen lacked peroxisomes (17). The interesting hypothesis follows that the retinopathy may be caused by defective peroxisomal function of the RPE cells themselves, although the secondary effects due to lack of peroxisomes in other organs, such as liver and kidney, could not be neglected.
It is also probable that the peroxisomes in the RPE cells play important roles in the metabolism of vitamin A, as suggested by Robison and Kuwabara (26) , and also in the metabolism of cholesterol. However, further studies are needed to prove these possibilities.
